Type 2 diabetes (T2D) is characterized by defective adaptation of β-cells to obesity-induced insulin resistance[@b1][@b2]. Failure of β-cells to enhance insulin secretion and expand their mass in settings of increased insulin demand leads to hyperglycemia and (T2D). The signals responsible for β-cell expansion in conditions of insulin resistance are not well understood but growth factors, incretins, insulin and nutrients such as glucose and amino acids have been implicated. These extracellular signals regulate β-cells by inducing a number of pathways including PI3K/IRS/Akt, JAK/STAT, AMPK, PKC, and MAPK signaling among others. Uncovering novel signaling pathways involved in the regulation of β-cell mass and function is critical for understanding the susceptibility to the development of T2D.

The importance of β-cells in the pathogenesis of T2D has been underscored by the results of genome wide association studies[@b3][@b4][@b5]. These studies indicated that the majority of genes associated with increased susceptibility to T2D are involved in the regulation of β-cell growth and function[@b5][@b6][@b7][@b8][@b9][@b10]. Interestingly, seven of these genes are components of the Wnt signaling pathway. In particular, variants of the transcription factor 7-like 2 (TCF7-L2) were shown to increase risk for T2D in different populations[@b11][@b12][@b13][@b14]. The significance of Wnt signaling in regulation of β-cell mass and function has been demonstrated recently[@b10][@b15][@b16][@b17][@b18], however, the role of this signaling pathway in regulation of mature β-cells *in vivo* and the importance in modulation of whole body metabolism are poorly understood.

The canonical Wnt pathway modulates β-catenin activity by regulating its levels and cellular localization[@b19][@b20]. Activation of canonical Wnt signaling through binding of Wnt ligands to the Frizzled receptor induces a cascade of events that result in nuclear localization of β-catenin and activation of transcription by interacting with T cell-specific factor/lymphoid enhancer-binding factor (TCF/LEF) transcription factors[@b21][@b22]. β-catenin is a multifunctional intracellular protein that was originally identified as a cytoskeleton protein binding to the cytoplasmic domain of E-Cadherin and α-catenin to maintain epithelial cell polarity[@b21][@b23]. In the absence of Wnt signaling the activation of a complex of proteins including Axins, GSK3β and APC induces proteasomal degradation of β-catenin[@b24]. The importance of the Wnt signaling pathway during pancreatic development has been demonstrated in several studies[@b17][@b25][@b26][@b27][@b28][@b29]. Over-expression of Wnt1 and Wnt5a in Pdx1-expressing pancreatic progenitors leads to pancreatic agenesis, suggesting that these proteins are important in the regulation of pancreatic cell fate[@b30]. Additional studies have employed different approaches to modulate Wnt signaling, and these have proven the important role this pathway plays in insulin secretion *in vivo* and *in vitro*[@b16][@b31]. Experiments in mice with gain and loss of β-catenin in Pdx1-expressing pancreatic progenitors have uncovered an essential role of β-catenin in the survival and growth of the exocrine pancreas during development and early post-natal stages[@b26][@b27][@b28][@b29]. Interestingly, these studies showed that loss of β-catenin does not affect pancreatic β-cell mass or glucose homeostasis[@b17][@b26]. In contrast, activation of Wnt pathway by over-expressing an active mutant of β-catenin or Axin induces β-cell proliferation[@b18]. More recently, it was shown that deletion of β-catenin in mature β-cells using RIP-Cre mice had a detrimental impact on islet mass and function, leading to hyperglycemia in neonates[@b25]. The current experiments evaluate the role of β-catenin in adult β-cells as well as demonstrate the importance of the Wnt/β-catenin pathway in whole body metabolism and energy homeostasis.

Pdx1, a homeobox transcription factor, is expressed during early pancreatic development and is essential for the formation of the pancreas[@b32]. Pancreatic progenitors expressing Pdx1 give rise to endocrine, exocrine and ductal cells of the pancreas[@b33]. In the adult pancreas, Pdx1 expression is restricted to β-cells. To study the role of β-catenin in adult β-cells and its contribution to glucose homeostasis, we inactivated β-catenin using Pdx1-Cre mice (Pdx-Cre^early^)[@b33]. These mice exhibited glucose intolerance as a result of reduced β-cell mass and proliferation. Surprisingly, these mice also exhibited abnormalities in food intake, body size, motor activity, and had enhanced insulin sensitivity. These changes were ascribed to ectopic Cre expression in hypothalamic areas involved in regulation of food intake, activity, and metabolism. Our data support the concept that β-catenin/Wnt signaling regulates glucose homeostasis at different levels by altering the function of tissues involved in regulation of growth, energy expenditure, appetite and insulin secretion.

Results
=======

Targeted deletion of β-catenin in the pancreas
----------------------------------------------

To confirm the effective deletion of β-catenin in the pancreas, we performed immunostaining for this protein in both Pβcat-KO and control mice (Pdx1-Cre). Immunofluorescence for β-catenin revealed membrane staining in exocrine and endocrine cells from 3-month old control (Pdx1-Cre) mice ([Figure 1A, B, E, F](#f1){ref-type="fig"}). In contrast, staining for β-catenin in the exocrine tissue of Pβcat-KO mice displayed a mosaic pattern with areas of low expression ([Figure 1C, D](#f1){ref-type="fig"}) combined with other exocrine areas in which β-catenin signal was completely absent ([Figure 1G, H](#f1){ref-type="fig"}). These observations are consistent with prior reports demonstrating that some exocrine cells escape recombination and are able to repopulate[@b17]. More importantly, no staining for β-catenin could be observed in the pancreatic β-cells of Pβcat-KO animals ([Figure 1C, D](#f1){ref-type="fig"}). Assessing the levels of β-catenin in islets by immunoblotting was unsuccessful due to difficulties isolating sufficient islet tissue in these mice.

Deletion of β-catenin in pancreatic progenitors results in impaired glucose metabolism
--------------------------------------------------------------------------------------

In order to assess the impact of the deletion of β-catenin in the islets on glucose homeostasis, fasting glucose levels and glucose tolerance tests were performed. Pβcat-KO mice displayed higher fasting glucose levels at both 2 and 5 months of age compared to control animals ([Figure 2A and B](#f2){ref-type="fig"}). After glucose injection, two-month old Pβcat-KO male and female mice had significantly higher blood glucose levels at 60 minutes ([Figure 2C](#f2){ref-type="fig"} and [Supplemental Figure 1A](#s1){ref-type="supplementary-material"}). Blood glucose levels after a glucose injection were higher at 30, 60 and 120 minutes in five-month old Pβcat-KO male and female mice indicating that the phenotype progressed with aging ([Figure 2D](#f2){ref-type="fig"} and [Supplemental Figure 1B](#s1){ref-type="supplementary-material"}). Similar glucose intolerance was observed in mice in which conditional deletion of β-catenin was obtained using two floxed alleles ([Supplemental Figure 2A, B](#s1){ref-type="supplementary-material"}). These results suggest that the Pβcat-KO mice have a decreased ability to dispose of the injected glucose. To determine whether these differences were associated with alterations in insulin secretory function, glucose-stimulated insulin secretion was evaluated next. Consistent with the high glucose levels, fasting insulin values were significantly reduced in Pβcat-KO animals ([Figure 2E](#f2){ref-type="fig"}) and remained lower than in controls 15 minutes after glucose injection ([Figure 2E](#f2){ref-type="fig"}). Insulin sensitivity, assessed by insulin tolerance test, demonstrated that Pβcat-KO mice had improved insulin sensitivity ([Figure 2F](#f2){ref-type="fig"}). Taken together, these experiments demonstrated that Pβcat-KO mice exhibit glucose intolerance, reduced insulin secretion but augmented insulin sensitivity. These results are consistent with the fact that the increase in insulin sensitivity observed in Pβcat-KO animals protects these mice from developing a more severe impairment in glucose homeostasis.

Decreased β-cell mass due to reduced proliferation in β-catenin-deficient animals
---------------------------------------------------------------------------------

To determine if the alteration in glucose tolerance resulted from abnormalities in β-cell mass, we performed morphometric analysis of the pancreas. Pβcat-KO animals exhibited a two-fold decrease in pancreatic total weight ([Figure 3A](#f3){ref-type="fig"}). Islet architecture determined by immunofluorescence staining for insulin and non-β islet cells showed similar pattern between Pβcat-KO and control mice ([Figure 3B](#f3){ref-type="fig"}). However, islet morphometry analysis indicated that Pβcat-KO mice had a decreased β-cell mass and the ratio of β-cell to acinar area was also reduced ([Figure 3C](#f3){ref-type="fig"} and data not shown). The reduction in β-cell mass was still significant after normalizing the mass to the animal weight, which suggest that the abnormalities in exocrine tissue were not affecting these results (data not shown). In order to elucidate the mechanisms behind the reduction in mass, both proliferation and apoptosis were assessed in the β-cells by staining for Ki67 and cleaved Caspase-3 respectively (% of staining in insulin positive cells). Proliferation was decreased in Pβcat-KO mice ([Figure 3D](#f3){ref-type="fig"}) but the rate of apoptosis was not different between the two groups ([Figure 3E](#f3){ref-type="fig"}). These results suggest that the lower β-cell mass in Pβcat-KO was due to a reduction in proliferation of the β-cells.

Conditional deletion of β-catenin in the pancreas results in impaired animal growth
-----------------------------------------------------------------------------------

In the course of the characterization of these mice we observed that the growth of Pβcat-KO animals was impaired. At birth Pβcat-KO pups appeared to have normal size but growth retardation developed during the first 8 weeks of life and was maintained up to 6 months of age in both males ([Figure 4A](#f4){ref-type="fig"}) and females ([Suppl. Figure 1C](#s1){ref-type="supplementary-material"}). A decreased in body length was also noted in 5 month-old Pβcat-KO mice ([Figure 4B](#f4){ref-type="fig"}). To determine the mechanisms of growth retardation, we assessed food intake for 7 days. Interestingly, Pβcat-KO mice showed higher food intake when compared to that of controls ([Figure 4C](#f4){ref-type="fig"}). The decreased body weight could also result from alterations in food absorption related to the exocrine pancreas abnormalities or potentially digestive enzyme insufficiency. To assess this, we measured triglycerides, free fatty acids and cholesterol in the plasma and the stools. Plasma levels of these lipids were similar between Pβcat-KO and the control mice ([Figure 4D, E, F](#f4){ref-type="fig"}). Triglycerides and cholesterol content in the stools were also comparable, indicating that fat absorption was conserved ([Figure 4G, H](#f4){ref-type="fig"}). Thus, mice with Pdx1-mediated deletion of β-catenin are smaller and leaner but exhibit increased appetite when food intake was adjusted to their smaller body size.

Increase activity and energy expenditure in β-catenin deficient animals
-----------------------------------------------------------------------

Decreased weight in Pβcat-KO mice could also be explained by increased activity and/or augmented basal metabolic rate. As early as one month of age, Pβcat-KO mice exhibit a significant increase in motor activity. These animals appeared restlessness with hyperkinesia and exhibited occasional circling movements in both directions, ("spinning syndrome", see movie available online as [Supplemental Material](#s1){ref-type="supplementary-material"}). Further characterization of the movement disorder showed that these animals presented defects in sensorimotor functions (strength and coordination) as well as vestibular-related dysfunction (data not shown). In order to measure the differences in activity and energy balance, 5-month-old Pβcat-KO and control animals were individually housed overnight in Oxymax cages. These studies revealed a significant increase in motor activity, oxygen consumption (O~2~), CO~2~ production and the respiratory quotient (RQ) in the Pβcat-KO animals ([Figure 5A--E](#f5){ref-type="fig"}). Therefore, these results suggest that the decreased weight and enhanced insulin sensitivity could be explained in part by increased motor activity.

Cre recombinase activity in Pdx1-Cre mice is observed in the brain
------------------------------------------------------------------

The hyperactivity and altered feeding behavior we observed in the β-catenin deficient animals are not typically observed with pancreatic-specific gene inactivation. We therefore hypothesized that some areas of the brain might be altered by ectopic expression of the Cre recombinase as has been recently demonstrated[@b34]. To test for ectopic expression of the Cre in the central nervous system, we crossed Pdx1-Cre mice with the Rosa-26R reporter line (Pdx1-Cre; R26R)[@b35]. The Cre-mediated recombination was then assessed by X-gal staining on sagittal sections of the hypothalamus. Pdx1-Cre; R26R mice revealed robust LacZ staining in the hypothalamus ([Figure 6A](#f6){ref-type="fig"}). A more detailed description of our data demonstrating hypothalamic-mediated recombination in Pdx1-Cre mice was included in a recent publication[@b34]. In this publication, we showed that this Pdx1-Cre line exhibits Cre-mediated recombination in subpopulations of hypothalamic neurons involved in feeding behavior, energy expenditure and glucose metabolism[@b34]. These observations were further confirmed by immunohistochemistry using the β-galactosidase antibody on hypothalamic sections from Rosa26; Pdx1-Cre animals. As shown in [Figure 6B](#f6){ref-type="fig"}, β-galactosidase immunostaining was indeed localized in the hypothalamus. These studies suggest that ectopic expression of the Cre recombinase in the hypothalamus could contribute in part to the abnormalities observed in energy homeostasis and feeding behavior.

β-catenin deficient animals are protected from high fat diet (HFD) induced obesity and insulin resistance
---------------------------------------------------------------------------------------------------------

To study the capacity of adaptation of Pβcat-KO mice to diet-induced obesity and insulin resistance, we subjected 8 week-old Pβcat-KO and control animals to high fat diet (HFD) for a period of 20 weeks. Glucose tolerance test before HFD showed that Pβcat-KO animals exhibited higher blood glucose after 120 min of glucose injection ([Figure 7A](#f7){ref-type="fig"}). As expected, control mice developed progressive glucose intolerance during the 20-week exposure to HFD ([Figure 7B, C, D, E](#f7){ref-type="fig"}). In contrast, Pβcat-KO animals exhibited better glucose tolerance after exposure to HFD indicating that these mice were resistant to HFD induced glucose intolerance ([Figure 7B, C, D, E](#f7){ref-type="fig"}). To evaluate whether the response to incretins was altered by expression of the Cre recombinase driven by Pdx1 in the duodenum during the development, we performed oral glucose tolerance tests. The increases in glucose clearance in Pβcat-KO mice following an oral glucose load suggested that the incretins response was properly maintained in Pβcat-KO mice ([Figure 7F](#f7){ref-type="fig"}). As anticipated from the limited weight gain observed in the Pβcat-KO animals during HFD, they exhibited enhanced insulin sensitivity after 20 weeks of HFD compared to the controls ([Figure 7G](#f7){ref-type="fig"}). Evaluation of islet morphometry at the end of the exposure to HFD showed that Pβcat-KO displayed a reduction in β-cell mass compared to that of controls suggesting that enhanced insulin sensitivity played a major role in protecting β-cells from the detrimental effects of HFD ([Figure 7H](#f7){ref-type="fig"}). Together, these results indicate that Pdx1-Cre-mediated deletion of β-catenin protects Pβcat-KO mice from HFD-induced obesity and insulin resistance.

As expected, the control mice demonstrated significant weight gain during the 20 weeks of fat feeding ([Figure 8A](#f8){ref-type="fig"}). In contrast, the weight gain in Pβcat-KO mice was significantly reduced as these mice weighed 50% less than the controls at the end of the 20 weeks of fat feeding ([Figure 8A](#f8){ref-type="fig"}). Analysis of body fat content using a dual energy X-ray absorptiometry (DEXA) scanner revealed that after 20 weeks of fat feeding, Pβcat-KO animals exhibited significant decrease in total body fat in comparison to controls ([Figure 8B](#f8){ref-type="fig"}). The body length of the animals was also shorter in the Pβcat-KO animals ([Figure 8C](#f8){ref-type="fig"}) but no changes in bone mineral density were observed ([Figure 8C](#f8){ref-type="fig"}).

Considering the increased activity observed in Pβcat-KO mice, we investigated the metabolic rate in unrestrained high-fat fed animals. Unrestrained Pβcat-KO mice exhibited increase in oxygen consumption (VO~2~), CO~2~ production (VCO~2~) and respiratory quotient (RQ) ([Figure 8D--F](#f8){ref-type="fig"}). To test whether these differences resulted mainly from increased activity, the Pβcat-KO and control mice were housed in cages where the space was reduced to limit their movement (restrained). As expected, VO~2~, VCO~2~ and RQ were significantly reduced in restrained control mice suggesting that the space reduction was effective ([Figure 8D--F](#f8){ref-type="fig"}). In contrast, these parameters were not affected in restrained Pβcat-KO mice ([Figure 8D--F](#f8){ref-type="fig"}). These results indicate that Pβcat-KO mice in both unrestrained and restrained conditions exhibited increased energy expenditure and metabolic rate and these changes could be explained in part by increased motor activity.

Discussion
==========

These studies describe the phenotype of adult mice with Pdx1-Cre mediated deletion of β-catenin (Pβcat-KO). This work demonstrates that Pβcat-KO mice exhibit abnormalities in glucose tolerance due to decreased β-cell proliferation and mass. These mice were glucose intolerant despite enhanced insulin sensitivity and hyperactivity. As a consequence of the hyperactivity, Pβcat-KO mice were resistant to HFD induced obesity and insulin resistance. The abnormalities in glucose homeostasis and energy expenditure in these mice were explained in part by ectopic expression of Cre recombinase in areas of the brain that control appetite, growth and energy homeostasis. Moreover, these experiments underscore the importance of physical activity and neuronal regulation in the control of glucose homeostasis and suggest that β-catenin plays a major role in this process. Finally, these studies show that alterations in β-catenin/Wnt signaling can contribute to diabetes susceptibility not only by altering the rate of β-cell proliferation and total mass but also by regulating other tissues involved in control of appetite, energy expenditure and growth.

Recent experiments by other groups have explored the role of β-catenin in the pancreas with a focus on developmental stages and neonatal life[@b17][@b25][@b26][@b29]. Deletion of β-catenin using the same Pdx1-Cre^early^ mice line or Pdx1-Cre^late^ [@b36] demonstrated normal glucose tolerance and β-cell mass[@b16][@b17]. Here, we demonstrate that absence of β-catenin in mature β-cell impairs β-cell proliferation and mass and alters glucose homeostasis. Interestingly, glucose intolerance and β-cell mass defects were observed in spite of augmented insulin sensitivity, suggesting that the β-cell defect is very significant in these mice. The alterations in β-cell proliferation can be explained by decreased expression of Cyclin D1 and D2 as demonstrated by Rulifson et al.[@b18] Unfortunately, the abnormalities in the exocrine pancreas made the islet isolation process difficult to obtain sufficient islet tissue to assess expression of cyclins and other proteins involved in the cell cycle. The differences between our glucose and β-cell mass phenotype and those of previously published studies could be explained in part by enhanced penetrant phenotype in our mice due to the inclusion of a deleted allele in the breeding strategy. Experiments in mice with conditional deletion of β-catenin using mice expressing inducible Cre recombinase under the control of the insulin promoter will be required to determine the role of this transcriptional regulator in mature β-cells.

The alteration in insulin sensitivity was one of the unexpected abnormalities observed after Pdx1-Cre mediated deletion of β-catenin. The cause of this improved insulin sensitivity is not entirely clear but it is likely that increased motor activity enhances insulin sensitivity in the basal state and prevents the development of insulin resistance induced by HFD. In fact, the increased motor activity leading to augmented insulin sensitivity in Pβcat-KO mice was sufficient to protect β-cells from detrimental effects of HFD-induced obesity. This motor activity increase was not limited to spinning syndrome (see movie in [Supplemental Material](#s1){ref-type="supplementary-material"}), as it was still present after restricting the cage space ([Figure 8D-F](#f8){ref-type="fig"}). The alterations in equilibrium shown in preliminary studies (data not shown) could be caused by Cre-induced recombination in the inner ear, cerebellum or brain stem as shown in our previous report[@b34]. The spinning syndrome in mice results from alterations in the vestibular apparatus of the inner ear and a similar spinning phenotype has been described in mice with mutations in the protocadherin 15 (Pcdh15)[@b37]. Future experiments could be designed to determine the extent to which Pβcat-KO mice exhibit alterations in the vestibular component of the inner ear.

The current studies demonstrate that Pβcat-KO mice were lean and resistant to weight gain induced by HFD compared to controls. These abnormalities were not explained by a decrease in food intake but instead from higher energy expenditure and metabolic rate due to augmented activity in unrestrained conditions. The enhanced energy expenditure observed in restrained conditions could also be explained in part by the favorable effects of chronic exercise after a short period of restraint (24 hour). The increased food intake in Pβcat-KO mice led us to investigate the role of tissues involved in appetite control. To assess this, we first looked at Cre-mediated recombination in Pdx1-Cre;R26R mice in the hypothalamus. The results of these experiments were recently published and strongly demonstrated that Pdx1-Cre induces recombination by X-gal activity on sagittal sections of the brain specifically in the ventral premammilary nucleus, arcuate nucleus, dorsomedial hypothalamus, suprachiasmatic nucleus, and medial preoptic area[@b34]. More importantly, Pdx1-Cre line causes recombination in orexin- and LepRb-expressing neuronal populations, a subset of hypothalamic neurons involved in energy and nutrient homeostasis[@b34]. This is particularly interesting because orexin neurons regulate feeding behavior, physical activity and circadian cycles. Therefore, it is conceivable that deletion of β-catenin in orexin could in part explain some of the abnormalities in feeding behavior and perhaps hyperactivity observed in Pβcat-KO. Indeed, Pβcat-KO mice displayed increased orexin expression in hypothalamus (data not shown). Future experiments will be designed to determine how β-catenin regulates orexin expression. The role of β-catenin in appetite control and motor activity could be tested in mice with deletion of β-catenin using Orexin-Cre mice[@b38].

Current knowledge suggests that the Wnt/β-catenin signaling pathway plays an important role in glucose homeostasis. How this signaling pathway alters different tissues to control glucose, insulin sensitivity, energy homeostasis and susceptibility to diabetes is not completely understood. Our study provides important insight into the mechanisms by which Wnt/β-catenin signaling modulates glucose metabolism and energy expenditure. More importantly, this work sheds light into how TCF7L2 variants may regulate metabolism and susceptibility to type 2 diabetes. Future studies will be designed to elucidate how β-catenin modulates transcription in different tissues to regulate these physiological processes.

Methods
=======

Breeding scheme and generation of β-catenin conditional knockout mice
---------------------------------------------------------------------

Mice carrying a floxed allele of β-catenin (β-cat^flox/+^) and β-catenin heterozygous mice (β-cat^+/-^) have been described[@b39]. Conditional deletion of β-catenin in the pancreas was achieved by crossing these mice to Pdx1-cre[@b33]. The mating scheme was designed to generate Pdx1-Cre mice with one floxed allele and one deleted allele of β-catenin (Pdx1-Cre; β-cat^flox/-^ further referred to as PβcatKO). Pdx1-cre mice were used as controls for all the experiments. In another set of experiments, we designed a mating scheme to delete β-catenin using two floxed alleles within the same Pdx1-cre background. Male mice were used for these studies and were in a C57/B6 background, maintained on a normal light/dark cycle and genotyped by PCR as described[@b39]. For high fat feeding studies, 2 month old mice were fed chow containing 42% calories from fat (Harlan) for 20 weeks. Experiments were performed in males using littermates as controls. The Washington University School of Medicine and University of Michigan Animal Studies Committees approved all procedures.

Assessment of body weight, food intake, activity and energy expenditure
-----------------------------------------------------------------------

The animal size was determined by measuring body length from the nose to the rump. Food intake was calculated daily in single-housed animals for 7 days. For energy expenditure experiments, age and sex-matched animals were individually housed in Oxymax chambers (Columbus Instruments, Columbus, OH, USA) and were maintained for 24 hours in a 12 hours light/dark cycle with free access to food and water. Prior to recording the physiological parameters, all the mice were acclimatized to the Oxymax cages for 24 hours to minimize the changes in housing environment. Physical movements, O~2~ consumption, CO~2~ production, and respiratory quotient (RQ) were measured using Oxymax software version 2.3. Data were collected every 60 minutes for each animal over a 24 h period of time. Physical activity and metabolic rate were averaged for the whole study period.

Dual-energy X-ray absorptiometry (Dexa) scan analysis
-----------------------------------------------------

Body composition was assessed using a small animal densitometer (Lunar PIXIMUS DEXA, GE Systems)[@b40]. Mice were anesthetized and scanned, and the bone mineral density, and total body fat composition were recorded using an analysis program provided by the manufacturer.

Metabolic studies
-----------------

Blood glucose levels were determined from blood obtained from the tail vein after an overnight fast. Glucose was measured on whole blood sample using an AccuChek II glucometer (Roche Diagnostics). Glucose tolerance tests were performed on overnight fasted animals by injecting glucose (2 mg/g) intraperitoneally as previously described[@b41][@b42]. Plasma insulin levels were measured on 5 μl aliquots using rat insulin ELISA kit (ALPCO Diagnostics, Salem, NH, USA). For insulin-tolerance testing, 6 hours fasted animals received an injection of human insulin intraperitoneally (0.5 U/kg of body weight). Blood glucose levels were determined just before the injections and then at the indicated times.

Lipids measurement
------------------

Serum samples from control and PβcatKO animals were assayed for cholesterol, triglycerides, and free fatty acids as described[@b43]. Stool samples were collected and fecal fat content was analyzed quantitatively by organic extraction with heptane:diethylether:ethanol (1:1:1 vol/vol) and then twice with heptane:diethylether:ethanol:water (1:1:1:1)[@b44][@b45]. Lipids were measured gravimetrically after the organic extractions and solvent evaporation.

Immunostaining and islet morphometry
------------------------------------

Freshly isolated adult pancreata were fixed overnight in formalin and subsequently embedded in paraffin using standard techniques. The following primary antibodies were added overnight to the sections: anti rabbit β-catenin (1:1000; Sigma, St-Louis, Mo, USA), anti guinea-pig Insulin (1:800; Dako, Carpinteria, CA, USA), anti rabbit Amylase (1:500; Sigma, St-Louis, Mo, USA), anti mouse Amylase (1:200; Santa Cruz, Santa Cruz, CA, USA), anti rabbit Glucagon (1:700; Chemicon, Billerica, MA, USA), anti rabbit Somatostatin (1:200; Dako, Carpinteria, CA, USA), anti rabbit Pancreatic Polypeptide (1:40; Chemicon, Billerica, MA, USA), anti rabbit Ki67 (1:200; Novocastra, Buffalo Grove, IL, USA), anti rabbit cleaved caspase-3 (1:50; Cell signaling, Boston, MA, USA). Sections were then incubated for 4 hours with the appropriate secondary antibodies (Jackson Immunoresearch, West Grove, PA, USA). Nuclei were counterstained with 4′, 6-Diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA, USA). Images were obtained using a Leica microscope DM4000B with a Leica DFC 350FX camera and subsequently processed with Leica Application Suite software V.2.5R1. For proliferation assays, Ki67 staining was performed to identify cells in the S-phase of the cell cycle. β-cell proliferation was calculated by dividing Ki67-positive β-cells by the total number of counted β-cells and expressed as percentage. Apoptotic rates were determined by cleaved-caspase 3 staining. β-cell apoptosis was calculated by dividing the number of cleaved-caspase 3 positive β-cells by the total number of β-cells and expressed as percentage. At least 2000 insulin-positive cells were counted per animal. Islet morphometry was performed on pancreata from PβcatKO and Pdx1-Cre animals. The β-cell mass was performed in 5 insulin-stained pancreas sections using NIH ImageJ software (v1.44m freely available at <http://rsb.info.nih.gov/ij/index.html>)[@b46] as previously described[@b41].

Statistical analysis
--------------------

All values are expressed as mean ± standard error of the mean. Statistical analyses were conducted using a non-parametric Mann-Whitney test. Differences were considered statistically significant with a p-value ≤ 0.05.
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![Targeted deletion of β-catenin in pancreatic progenitors.\
Immunofluorescence staining for β-catenin (red), Insulin or Amylase (green) in 3 month-old controls (A, B, E, F) and Pβcat-KO (C, D, G, H). Representative islets are shown in (A-D), and acinar tissue is shown in (E--H). Scale bars, 50 μm.](srep00693-f1){#f1}

![Deletion of β-catenin in pancreatic progenitors results in impaired glucose metabolism.\
Blood glucose levels measured after an overnight fast in Pdx1-Cre and Pβcat-KO at two (A) and five month of age (B) Intraperitoneal glucose tolerance tests were performed on Pdx1-Cre (black circles) and Pβcat-KO (grey squares) in transgenic animals at 2 (C) (n = 7) and 5 (D) (n = 4) months of age using (2g/kg) of Dextrose after an overnight fast. (E) Insulin tolerance test (ITT) after 6h fasting period (n = 4). (F) Serum insulin levels in 6h fasted animals (n = 4). Data are from males animals and presented as mean ± SEM. \* p ≤ 0.05, \*\* p ≤ 0.005.](srep00693-f2){#f2}

![Effect of absence of β-catenin in pancreatic progenitors on pancreas morphology.\
(A) Quantification of pancreatic weight in five month-old control and Pβcat-KO mice. (B) Immunohistochemical detection of insulin (green) and non β-endocrine cells (glucagon, somatostatin and pancreatic polypeptide) (red) in pancreatic sections from five month-old Animals. (C) Quantification of pancreatic β-cell mass in five month-old control and Pβcat-KO mice. (D) Immunofluorescence for insulin (green) and Ki67 (red) in pancreatic sections and quantification of β-cell proliferation (percentage of Ki67 positive β-cells/β-cells counted). (E) Immunostaining for insulin (green) and cleaved caspase-3 (red) and quantification of the β-cell apoptosis (percentage of positive cleaved-caspase-3 β-cells /β-cells counted). Data are presented as mean ± SEM from at least 5 male mice per group. \* p ≤ 0.05, \*\* p ≤ 0.005. Scale bars, 50 μm.](srep00693-f3){#f3}

![β-catenin deficient animals are smaller, leaner and hyperphagic.\
(A) Body weights evolution of control (black line) and β-catenin-deleted (grey line) animals over 5 months period. (B) Body length was measured from nose to rump. (C) Food intake was measured once a day over a week period of time and normalized to body weight. Plasmatic levels of triglycerides (D), free fatty acid (E) and cholesterol (F) were measured after an overnight fast in Pdx1-Cre (black box) and Pβcat-KO (grey box). Triglycerides (G) and cholesterol (H) measured in the feces of the animals. Data are presented as mean ± SEM from at least 7males animals per group. \* p ≤ 0.05.](srep00693-f4){#f4}

![Analysis of body energy balance.\
(A, B) General physical activity levels were measured over a 24 h period of time in control (black bars) and Pβcat-KO (grey box) animals. O~2~ consumption (C) CO~2~ production (D) and respiratory quotient (RQ) (E) measured in the same group of animals over 24 h period of time. Data are presented as mean ± SEM from at least 4 animals per group. \* p ≤ 0.05, \*\* p ≤ 0.005.](srep00693-f5){#f5}

![Expression of the Pdx1-Cre strain in the Brain.\
(A) X-gal activity (blue) on 1mm thick hypothalamus section of adult Rosa-26R and Pdx1-Cre^early^; Rosa-26R transgenic animals. 1 = (Pe) periventricular hypothalamic nucleus, 2 = (DM) dorsomedial nucleus of hypothalamus, 3 = (3V) 3rd ventricule, 4 = (Arc) arcuate nucleus of hypothalamus, 5 = (VMHDM) ventromedial hypothalamic nucleus, dorsomedial part, 6 = (VMHC) ventromedial hypothalamic nucleus, central part, 7 = (VMHVL) ventromedial hypothalamic nucleus ventrolateral part, 8 = (Subl) subincertal nucleus, 9 = (LH) lateral hypothalamic area. (B) Immunofluorescence staining for β-galactosidase (red) in Rosa-26R and Pdx1-Cre; Rosa-26R hypothalamic sections. Nuclei are counterstained with DAPI. Scale bars, 50 μm.](srep00693-f6){#f6}

![Resistance to diet induced obesity and insulin resistance in Pβcat-KO animals.\
(A) Intraperitoneal glucose tolerance test carried out after an overnight fasting on 8 weeks old males. The tests were then performed after 4 (B) 8 (C), 14 (D) and (E) 20 weeks on high fat diet (HFD). Oral glucose tolerance test (F), insulin tolerance test (G) and quantification of β-cell mass (H) on control and β-catenin deleted males animals fed western diet for 20 weeks. Data are presented as mean ± SEM from at least 5 mice per group. \* p ≤ 0.05, \*\* p ≤ 0.005.](srep00693-f7){#f7}

![Pβcat-KO animals are resistant to diet induced weight gain and are still hyperactive.\
(A) Body weight evolution of control (black line) and β-catenin-deleted (grey line) animals on HFD. (B, C) Body fat content in Pdx1-Cre and Ps. β-cat KO after 20 weeks of fat diet chow that was determined by analysis of DEXA images. O~2~ consumption (D) CO~2~ production (E) and respiratory quotient (RQ) (F) measured in the same group of animals over 24 h period of time at the end of 20 weeks of fat feeding. Data are presented as mean ± SEM for at least 5 animals per group. \* p ≤ 0.05, \*\* p ≤ 0.005.](srep00693-f8){#f8}
